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Abstract. Eastern Sicily is one of the coastal areas most ex-
posed to earthquakes and tsunamis in Italy. The city of Cata-
nia that developed between the eastern base of Etna volcano
and the Ionian Sea is, together with the neighbour coastal
belt, under the strong menace of tsunamis. This paper ad-
dresses the estimation of the tsunami hazard for the city of
Catania by using the technique of the Worst-case Credible
Tsunami Scenario Analysis (WCTSA) and is focused on a
targetareaincludingtheCataniaharbourandthebeachcalled
La Plaia where many human activities develop and many im-
portant structures are present. The aim of the work is to pro-
vide a detailed tsunami hazard analysis, ﬁrstly by building
scenarios that are proposed on the basis of tectonic consider-
ations and of the largest historical events that hit the city in
the past, and then by combining all the information deriving
from single scenarios into a unique aggregated scenario that
can be viewed as the worst virtual scenario. Scenarios have
been calculated by means of numerical simulations on com-
putational grids of different resolutions, passing from 3km
on a regional scale to 40m in the target area. La Plaia beach
results to be the area most exposed to tsunami inundation,
with inland penetration up to hundreds of meters. The har-
bour turns out to be more exposed to tsunami waves with
low frequencies: in particular, it is found that the major con-
tribution to the hazard in the harbour is due to a tsunami
from a remote source, which propagates with much longer
periods than tsunamis from local sources. This work has
been performed in the framework of the EU-funded project
SCHEMA.
Correspondence to: R. Tonini
(roberto.tonini@bo.ingv.it)
1 Introduction
Catania lies in the middle of the eastern Sicily coast, one
of the most seismic and tsunami-prone areas of the Mediter-
ranean Sea. It has a long and rich history and it is the second
largest city in Sicily, with a metropolitan area counting more
than750000inhabitants. Itisamarinetownwhereimportant
economic, social, and tourist activities take place very close
to the sea. In particular, the harbour and the tourist beach
called La Plaia that extends south of the town are strongly
exposed to tsunami hazard. In the past the city was strongly
affected by tsunamis. The two most recent documented
tsunamis are the ones associated with the 11 January 1693
and the 28 December 1908 earthquakes. The source determi-
nation of both these events is still an open issue, because it is
not clear whether the tsunamis were generated by the earth-
quake only or by a landslide or by a combination of both.
Nowadays the harbour is protected by a long jetty parallel to
the main coast and running NS, and it is hence quite differ-
ent from the ancient smaller port. To the south of the harbour
where La Plaia is found, the coast is sandy and low, while to
the north it is rocky and high. A sketch of the seismicity and
of the tsunami occurrences in the broad region that is exam-
ined to assess the tsunami hazard for the town of Catania can
be seen in Fig. 1.
In this work we carry out an analysis of the Catania expo-
sition to tsunamis based on the use of the Worst-case Cred-
ible Tsunami Scenario Analysis (WCTSA) that was devel-
oped within the framework of the activities of the EU-funded
project SCHEMA (http://www.schemaproject.org). This is a
quite common approach to tsunami hazard evaluation and it
is alternative or complementary to the probabilistic approach
(often referred to as Probabilistic Tsunami Hazard Analysis,
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PTHA). A full discussion of which one is better or prefer-
able is out of the scope of this paper. Here we simply stress
that PTHA is more demanding in terms of input data and of
computational analysis: typically in the PTHA approach one
examines all possible potential sources (in practice a very
high number, including small to large ones) that are charac-
terised by pre-deﬁned occurrence probability laws, computes
the tsunamis and the related inundations in the selected target
area for each of the sources, and applies probability theory
to compute tsunami inundation probabilities corresponding
to different return periods. On the other hand, the WCTSA
approach focuses on the largest sources, computing the asso-
ciated tsunamis and inundations produced in the target area.
It therefore involves much less computations, resulting in the
worst-case inundation map rather than in a probabilistic in-
undation map. In other words, PTHA seems more exhaus-
tive and more informative than WCTSA since the former
takes into account all the sources and estimates of the ex-
pected inundation areas corresponding to any speciﬁed re-
turn time. Examples of applications of WCTSA for tsunami
hazard (Tinti et al., 2005a; Okal and Synolakis, 2008; Lorito
et al., 2008) and for tsunami forecasting strategies (Titov et
al., 2005), as well as more recently of PTHA (e.g. Tinti et al.,
2005b; Geist and Parsons, 2006; Annaka et al., 2007; Power
et al., 2007; Grezio et al., 2010), can be found in the litera-
ture. However, the data needed to perform PTHA are not al-
ways available, and using a PTHA technique in cases of lack
of data may be questionable. Indeed, the possibility or con-
venience to use PTHA depends on the amount of available
tsunami data, but mostly on the knowledge of the potential
sources, and in particular of how well we are able to char-
acterise them in terms of frequency-magnitude laws and of
occurrence probability models. If such laws and models can
be inferred and assumed for earthquakes, it is often more dif-
ﬁcult to make inferences and assumptions for tsunamigenic
earthquakes laws, and extremely difﬁcult for tsunamigenic
submarine landslides and for tsunamigenic volcanic erup-
tions. As a consequence, the PTHA approach is reasonable
for target areas that are known to be affected by tsunamis
of seismic origin. On the contrary, when there are reasons
to believe that even non-seismic tsunamigenic sources can
play a role for a given target area, using a WCTSA method
is strongly recommendable.
This is the main motivation why the WCTSA technique
has been adopted to assess the tsunami hazard for the city of
Catania. The WCTSA method can be split into three main
steps. The ﬁrst consists in the identiﬁcation of a number
of credible sources capable of producing the most signiﬁ-
cant tsunamis in the target area of Catania. In the framework
of this study, seven tsunami scenarios have been selected on
the basis of tectonic considerations and of the largest histor-
ical events affecting the town in the past centuries. Four of
them are based on two local events that occurred in 1693 and
1908; the other three are built on a remote source located in
the western Hellenic Arc and are based on a tsunami event
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Fig. 1. Sketch of the region of interest. Earthquakes (circles) and
tsunami events (triangles) of the Ionian sea are plotted together.
Earthquakes are classiﬁed for class of magnitude (size of the cir-
cle) greater than 4.5 and for hypocentral depth (colour scale). The
seismic dataset has been compiled putting together three catalogues
(CPTI Working Group, 2004; Papaioannou et al., 2000; Papazachos
et al., 2007). Tsunamis and their intensities (size of the triangle) are
drawn after Tinti et al. (2001a).
that took place in 365 AD. The choice of the sources and of
their size, which of course determines the tsunami size, is the
result of careful scientiﬁc considerations, but has a certain
degree of arbitrariness since it comes from subjective anal-
ysis. The problem of subjectivity and of the related uncer-
tainties deserves special attention and has been treated in this
paper by performing a sensitivity analysis on the source size
aswillbeexplainedlateron. Thesecondstepconsistsofsim-
ulating the propagation of the associated tsunamis and com-
puting the inundation in the target area for each of the seven
sources. The target area includes the harbour of Catania and
the long La Plaia beach, stretching for several kilometres
south of the town and populated by many locals and tourists
(see red rectangle in Fig. 5). The third and last step is to build
auniqueaggregatedscenariobycombiningtogetherallofthe
computed scenarios. Given a speciﬁc tsunami physical vari-
able (for instance the wave height), this means selecting for
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Table 1. Magnitude (Mw) and seismic moment (M0) for the earth-
quake scenarios considered. M0 has been derived from Mw by
means of the Hanks and Kanamori (1979) law. Seismic parame-
ters have been determined using empirical regression curves (Wells
and Coppersmith, 1994; Blaser et al., 2010; Strasser et al., 2010),
assuming the rigidity parameter µ equal to 30 GPa.
Scenario Mw M0 (Nm)
365 F1 8.3 3.16 × 1021
365 F2 8.3 3.16 × 1021
365 F3 8.5 6.32 × 1021
1693 E 7.2 7.07 × 1019
1908 E 7.0 3.40 × 1019
each location the maximum value of that variable calculated
for the various individual scenarios. Hence, the ﬁnal aggre-
gated scenario will represent the strongest expected effect in
each location.
2 Selection of the most tsunamigenic sources
The choice of the sources is probably the step of the over-
all study that requires the highest attention, because it can
strongly affect the ﬁnal results of the analysis. Detailed in-
undation maps must be representative of credible scenarios if
they have to be used for helping local authorities in the frame
of mitigation or emergency plans for handling tsunamis.
Here seven cases are presented, based on historical events
and, when possible, on available observations. Three of them
are remote sources based on the 365 AD event that occurred
offshore Crete, Greece (named hereafter 365 F1, 365 F2, 365
F3). The remaining four sources are based on two disastrous
local events that occurred in the East of Sicily and in the
MessinaStraitsin1693andin1908. Sincethedirectcauseof
these two historical tsunamis is still uncertain, though there
is no doubt on the occurrence of the earthquakes, two dif-
ferent source hypotheses have been made for both the 1693
(named 1693 E and 1693 L) and the 1908 (named 1908 E
and 1908 EL) events. The assumptions made on the source
parameters will be described and justiﬁed in the next sub-
sections. The vertical co-seismic displacement ﬁelds of the
seismic sources (365 F1, 365 F2, 365 F3, 1693 E, 1908 E,
and 1908 EL) are shown in Figs. 2 and 3, together with the
initial body extension of the landslide source (1693 L). Ta-
ble 1 lists the values of the moment magnitude (Mw) and of
the seismic moment (M0) that we adopted for the tsunami-
genic earthquakes selected to build the scenarios.
2.1 The 365 AD event
Three remote source hypotheses have been considered as po-
tentially tsunamigenic for Catania. They are based on the
very strong earthquake with estimated magnitude Mw =8.3
Fig. 2. Initial condition for the three source model hypotheses based
on the 365 AD earthquake. The initial conditions correspond to the
co-seismic vertical displacement of the sea-ﬂoor.
that occurred on the 21 July 365 AD in the western Hel-
lenic Arc (HA), Greece (Papazachos, 1996). The hypocenter
of this earthquake was probably located off western Crete,
along a major thrust fault parallel to the western Hellenic
trench. This quake represents the best documented event ca-
pable to trigger a tsunami with a destructive potential very far
from the source in the Mediterranean Sea. The tsunami that
followed was very huge and inundated many coastal sites in
Greece, Africa, and southern Italy (Stiros, 2001; Guidoboni
and Comastri, 2005; Shaw et al., 2008). This event has been
identiﬁed as the largest credible earthquake with the highest
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Table 2. Seismic parameters for the tsunamigenic earthquake
sources used to characterise the 365 AD scenarios. Subfaults F1
and F2 correspond to the fault hypotheses 365 F1 (the southern seg-
ment) and 365 F2 (the northern segment) in Fig. 2. The 365 F3
scenario corresponds to the sum of both segments.
F1 F2
Length (km) 230 230
Width (km) 90 90
Strike (◦) 312 320
Dip (◦) 21 21
Rake (◦) 90 90
Slip (m) 5 5
Upper Edge Depth (km) 5 5
tsunamigenic potential for the Hellenic Arc area and was
already used in the frame of tsunami scenario studies applied
to the Mediterranean Sea (Tinti et al., 2005a; Lorito et al.,
2008). In this work we consider three different scenarios.
The ﬁrst one (365 F1) is based on recent works about the
reconstruction of the 365 event causative fault (e.g. Shaw
et al., 2008). The second one (365 F2) is a possible fu-
ture rupture involving the trench section of the HA between
Crete and Peloponnese, and has been chosen because it could
have higher effects on the Catania target area. The third sce-
nario (365 F3) involves both F1 and F2, thus representing
the almost complete rupture of the western HA. A simpliﬁed
model of the faults is illustrated in Fig. 2. The co-seismic
slip is assumed to be uniform over the fault plane and the
corresponding focal parameters are listed in Table 2.
2.2 The 1693 event
A strong seismic sequence starting on 9 January 1693 hit
eastern Sicily. The main shock of 11 January was estimated
to have magnitude Mw =7.4 (CPTI Working Group, 2004)
and was followed by a strong tsunami. This earthquake, with
maximummacroseismicintensitiesofXtoXI,caused60000
casualties, 12000 of which in Catania. Historical informa-
tion about the tsunami is not as substantial as information
concerning the earthquake, but it allows deducing some rele-
vant features of the impacting waves. In particular, a negative
polarity of the ﬁrst wave was observed along the entire east-
ern Sicily coast, and the portion between Catania and Au-
gusta was the one hit by the largest waves (Baratta, 1901;
Tinti and Maramai, 1996; Tinti et al., 2004). The identiﬁca-
tion of the fault plane that was responsible for the 11 January
shock is a very difﬁcult task and it is still an open issue. In or-
der to cope with this basic uncertainty, two different source
hypotheses have been considered to elaborate tsunami sce-
narios: the case of an earthquake and the case of a landslide.
Assuming that the tsunami was caused by an earthquake
poses the problem of searching for a tsunamigenic fault.
Tsunami observations suggest to reject several source hy-
Table 3. Seismic parameters for the tsunamigenic earthquake
source 1693 E proposed by Argnani and Bonazzi (2005). S1 and
S4 are the extreme segments from north to south.
S1 S2 S3 S4
Length (km) 14.665 8.760 5.000 19.190
Width (km) 16.500 16.500 16.500 16.500
Strike (◦) 329 322 343 360
Dip (◦) 35 35 35 35
Rake (◦) 270 270 270 270
Slip (m) 3.0 3.0 3.0 3.0
Upper Edge Depth (km) 0.5 0.5 0.5 0.5
potheses proposed in the literature on the basis of earth-
quake data that only locate the source inland, and tsunami
modelling conﬁrms that the source should be located off-
shore (Tinti et al., 2001b). Among all the offshore earth-
quake sources that can be found in the literature (e.g., Bianca
et al., 1999; Sirovich and Pettenati, 1999; Monaco and Tor-
torici, 2000; Gutscher et al., 2006), the most likely rupture
area seems to be located along the Hyblaean-Malta escarp-
ment since it provides the best ﬁt with tsunami observations
in terms of ﬁrst wave polarity and wave amplitude (Tinti and
Armigliato, 2003). The worst credible scenario considered
here is based on the fault described in Argnani and Bonazzi
(2005): in our analysis, it is modelled as a set of four sub-
fault segments with focal parameters listed in Table 3.
Because recent offshore bathymetric surveys mapped a
number of possible landslide bodies along the Hyblaean-
Malta escarpment, the possibility of a tsunami induced by
a landslide cannot be ruled out. Under this hypothesis, the
sources of the 1693 earthquake and tsunami are distinct, and
there is no need to reconcile seismic and tsunami observa-
tions to a unique cause. Therefore, one possibility is that
a non-tsunamigenic earthquake occurring inland (which ﬁts
well macrosesimic data) triggered a landslide offshore that
in turn caused a tsunami. The tsunamigenic source we take
into account in this study is a slide body that was identiﬁed
during the multi-channel seismic survey MESC2001 carried
out by CNR (National Council of Research), described in
Argnani and Bonazzi (2005), and that was proved to possess
a relevant tsunamigenic potential (Armigliato et al., 2007).
The slide was recognised to be of a roto-translational type
with modest horizontal displacement that took place in wa-
ters deeper than 1800m close to the foot of the escarpment
about 30–35km off Augusta. The main characteristics of the
sliding body and of the sliding process are given in Table 4.
2.3 The 1908 event
On the 28 December 1908 a strong earthquake of esti-
mated Mw = 7.2 (CPTI Working Group, 2004) occurred
in the Messina Straits, immediately followed by a tsunami.
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Table 4. Landslide parameters for the tsunami source 1693 L.
Slide Volume (km3) 4.81
Slide Mass (109 kg) 12.8
Maximum Thickness (m) 250
Minimum Depth of the Scar (m) 1850
Max Run-out Distance (m) 200
The towns of Messina and Reggio Calabria were severely
damaged by the effects of the shock and of the tsunami.
Several tsunami observations were reported by eyewitnesses
along all the eastern coast of Sicily and the south-western
coast of Calabria. Indeed this is the historical tsunami in Italy
with the most abundant set of collected data, comparable, in
quantity and quality, with data sets of very recent tsunami
cases. A lot of run-up data were collected by the ﬁeld sur-
veys carried out in the weeks following the tsunami, with
waves up to 3m in Catania and an inundation line that ex-
tends to 700m at La Plaia beach (Platania, 1909a,b; Baratta,
1910; Tinti and Maramai, 1996; Tinti et al., 2004). A num-
ber of tide gauges located at La Valletta harbour (Malta), Is-
chia (Italy), Naples (Italy), and Civitavecchia (Rome, Italy)
recorded the tsunami signal (Tinti and Giuliani, 1983; Ger-
ardi et al., 2008), even though the recorded signals were very
weak.
Despite the great efforts in a century of investigations, the
identiﬁcation of the source that triggered the strong 1908
tsunami is still far from being clearly understood. Many seis-
mic source hypotheses have been made by researchers, but
no one yet has been able to fully explain the tsunami obser-
vations associated with the event (Pino et al., 2009). The
uncertainty in the source type is addressed in this study by
building two scenarios based on two different sources: the
ﬁrst is a fault characterised by substantially heterogeneous
slip and the second is a composite source formed by the pre-
vious one and by an additional contribution due to a tsunami
source extension to the south.
The seismic source model has been obtained by param-
eterizing the source hypothesis proposed in a recent work
by Valensise et al. (2008). Their work is based on geomor-
phological and seismotectonic evidences and on the geode-
tic deformation measured shortly before and after the earth-
quake by Loperﬁdo (1909). The model is composed of 12
sub-faults with uniform slip in each of them in order to ob-
tain a heterogeneous co-seismic slip distribution over the to-
tal fault. Parameters are given in Table 5. The main effect
on the sea-ﬂoor is a relevant subsidence affecting the whole
Messina Straits, but mainly concentrated in the southern part
where the Straits is wider and opens to the Ionian sea. This
seismic source, like all the reasonable seismic sources pro-
posed for the 1908 event, gives rise to a tsunami that is sig-
niﬁcantly smaller than the observed one.
Fig. 3. Initial condition for the source model hypotheses based on
the 1693 and 1908 events. For all cases it corresponds to the co-
seismic vertical displacement of the sea-ﬂoor, except for the 1693 L
case where the initial landslide body is plotted.
Very recently it was proposed that the tsunami was caused
by a very large submarine landslide (Billi et al., 2008), but
geological and geophysical evidences disagree with this hy-
pothesis (Argnani et al., 2009). Nevertheless, the hypoth-
esis of a composite source (e.g. earthquake and landslide)
seems more reasonable (Favalli et al., 2009). Hence, the sec-
ond source taken here combines the contribution of the earth-
quake source considered before and of an additional source
associable to a submarine slide. Since the identiﬁcation of
the responsible slide is still far from the solution, but there
is consensus on the need for an additional contributor to the
tsunami, we have considered here not a slide but an equiva-
lent static source capable of producing a tsunami more com-
patible with the historical observations made on the coasts of
Sicily. More speciﬁcally, an elliptically shaped Gaussian-
like depression in the southern part of the fault has been
added to the initial sea surface displacement caused by the
12 sub-fault system. This additional source has been identi-
ﬁed capable of producing a sea water withdrawal as the ﬁrst
tsunami arrival on the coast and it can be roughly consid-
ered as due to an “equivalent landslide” source. It is relevant
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Table 5. Seismic parameters for the tsunamigenic earthquake source based on the one proposed by Valensise et al. (2008).
S1 to S4 are the westernmost rectangles from south to north in Fig. 3. The same convention is followed for the central ones (S5 to S8)
and the easternmost ones (S9 to S12). UED stands for Upper Edge Depth.
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12
Length (km) 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
Width (km) 6.67 6.67 6.67 6.67 6.67 6.67 6.67 6.67 6.67 6.67 6.67 6.67
Strike (◦) 20 20 20 20 20 20 20 20 20 20 20 20
Dip (◦) 29 29 29 29 29 29 29 29 29 29 29 29
Rake (◦) 270 270 270 270 270 270 270 270 270 270 270 270
Slip (m) 2.50 3.00 2.04 1.00 1.50 2.00 1.50 0.50 1.00 1.00 0.50 0.50
UED (km) 3.00 3.00 3.00 3.00 6.20 6.20 6.20 6.20 9.50 9.50 9.50 9.50
Fig. 4. Geometry and nesting of the computational grids (grid 1 to grid 4) used to perform the tsunami simulations. The grid resolutions
are: 3km in grid 1, 1km in grid 2, 200m in grid 3, and 40m in grid 4.
to point out that historical accounts testify that in most lo-
calities of Sicily and Calabria the ﬁrst tsunami polarity was
negative, i.e. sea water was seen ﬁrst to recede from the shore
(Tinti and Giuliani, 1983). The overall initial displacement,
togetherwithasectionalongtheABaxisofthedepression, is
given in Fig. 3. Orientation and amplitude of the depression
have been calibrated against the known tsunami observations
along the coast of Sicily and mainly in vicinity of the source.
3 Numerical modelling
Tsunamis are long waves and are usually modelled through
Navier-Stokes hydrodynamic equations in approximation of
shallow water, being their wavelengths much longer than the
depth of the water on which they propagate. The numer-
ical model we used to perform tsunami simulations is the
code UBO-TSUFD that solves the nonlinear shallow wa-
ter equations through a ﬁnite difference numerical scheme.
Equations are calculated on a set of nested regularly-spaced
grids with different space resolutions providing more de-
tailed results in selected target areas. Inundation maps
are calculated by means of a moving boundary algorithm
that dynamically changes the coastline position, depend-
ing on the instantaneous wave heights computed at each
time step in the wet grid points conﬁning with the dry
points. The code has been benchmarked and used in the
framework of the two FP6 EU-funded projects TRANSFER
(http://www.transferproject.eu) and SCHEMA (http://www.
schemaproject.org). For a recent application of the code see
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the paper by Tonini et al. (2011) on the 2009 Samoa tsunami
and tsunami forecasting strategies. The code UBO-TSUFD
can perform tsunami simulations induced by both seismic
and landslide tsunami and it needs to be used coupled to
other speciﬁc tools which calculate the tsunami initial con-
ditions. For all the seismic sources the initial condition coin-
cides with the vertical sea-ﬂoor displacement calculated by
means of the classical set of equations for a rectangular fault
buried in an elastic half space (Okada, 1992).
The landslide motion has been calculated by means of
the code UBO-BLOCK2 that treats the slide as a 2-D ma-
trix of blocks mutually interacting and conserving their vol-
umes, though being free to deform, and computes the slide
evolution by means of a Lagrangian model. The code was
originally conceived for a one-dimensional landslide evolu-
tion (Tinti et al., 1997) and lately adapted to a 2-D geometry
(Tinti et al., 2006). Both UBO-TSUFD and UBO-BLOCK2
arein-housecodesdevelopedandmaintainedbytheTsunami
Research Team of the University of Bologna.
Landslides-induced tsunami propagation cannot always
be well described by the non-dispersive shallow water
theory, because slides may involve shorter wavelengths
than tsunamis caused by earthquakes and often the use of
Boussinesq-type dispersive equations could be more suited.
But since the effect of dispersion is to decrease the non-
dispersive wave amplitude calculated through the shallow
water approximation distributing the energy over a longer
train of waves, hence the amplitude values resulting from
non-dispersive models can be taken as an overestimation of
the actual values and can be accepted in the spirit of worst-
case scenario approach.
Computations have been performed under the hypothesis
of no tidal oscillations, since the tides in the Mediterranean
are known to be weak and in the range of some tens of cen-
timetres (e.g., APAT, 2006), apart from very speciﬁc cases
(see the northern Adriatic) that do not regard eastern Sicily
and the area of interest.
4 Available datasets and computational grids
Topo-bathymetric details strongly affect the wave evolution
close to the coast, leading to the obvious consequence that re-
sults achieved by numerical simulations are strongly depen-
dent on the quality of the datasets used to build the computa-
tional grids. A good description of the real coastal morphol-
ogy is absolutely necessary in order to have credible inunda-
tion scenarios. Often datasets must be collected by different
sources or providers, with the consequence of a lot of extra
work in order to match them and to make them consistent,
especially in the near-shore areas, where details are more
important. The datasets used for this study are listed in Ta-
ble6. Alltopographicandbathymetricdata, thoughavailable
in different coordinate systems, have been integrated into
a unique Cartesian reference frame, and, more speciﬁcally,
Fig. 5. Topography and bathymetry of grid 4. The red rectangle
shows the target area selected to perform the tsunami hazard analy-
sis for Catania.
into the coordinates of the UTM zone of the city of Cata-
nia (33N-WGS84). The geographical areas outside this zone
have been treated as an extension of the 33N zone, in order
to guarantee continuity of the coordinates system throughout
the whole region of interest. Through suitable in-house inter-
polation procedures that were developed speciﬁcally for this
purpose, a set of four regularly-spaced nested grids with dif-
ferent resolutions has been built. The geographic coverage
and the grid scheme are shown in Figs. 4 and 5. Because of
thenecessitytofullyincludethesourcesinthecomputational
domain to simulate tsunami propagation, all four grids have
been used to calculate the 365 AD scenarios with genera-
tion in the western HA. The grid resolution passes from 3km
for the regional grid (grid 1) to 40m for the smallest grid
(grid 4) covering the area around Catania and its bay through
two more intermediate grids (1km and 200m cell size, re-
spectively for grid 2 and grid 3). The remaining scenarios
need two grids only, namely grids 3 and 4. It is worth point-
ing out that features smaller than 40m would risk to go lost
since they might not be captured by the ﬁnest grid. However,
in cases where removing a feature was believed to conspicu-
ously affect tsunami propagation, the feature was adapted to
the grid space step. For instance, obstacles like breakwaters
or jetties in the harbour whose width is much smaller than the
grid 4 step and whose deletion from the computational grid
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Table 6. Synthetic list of the topo-bathymetric datasets.
Name Type∗ Domain Coordinates Resolution
GEBCO1 BT Mediterranean Geographic 1arcmin
SRTM2 T Eastern Sicily Geographic 90m
DRPC-CT3 T Catania district Cartesian (Gauss-Boaga) 1:10000
ISMAR-CNR4 B Ionian Geographic isolines
IIM5 B Catania district Cartesian 1:100000, 1:30000, 1:10000
1 GEneral Bathymetric Chart of the Oceans. 2 NASA Shuttle Radar Topographic Mission. 3 Dipartimento Regionale Protezione Civile di CaTania. 4 Istituto di Scienze MARine –
CNR. 5 Istituto Idrograﬁco della Marina. ∗ B=Bathymetry, T=Topography.
Fig. 6. Tsunami propagation snapshots for 365 F1 (upper panels), 365 F2 (middle panels), and 365 F3 (bottom panels) scenarios.
would signiﬁcantly affect the tsunami impact are represented
as a series of discrete contiguous cells, and therefore have
minimum width of 40m. The target area for this study is the
one included in the red rectangle of Fig. 5 and is only a small
portion of grid 4 that covers the vaster bay of Catania.
5 Results of tsunami propagation and inundation
modelling
The second step of the tsunami scenario analysis is the com-
putation of the tsunamis associated with the selected sources.
5.1 The 365 AD event
The tsunami following the 365 AD earthquake affected not
only the local Greek coasts facing the Ionian Sea, but was
able to also reach many locations placed very far from the
seismic source, such as Algeria, Egypt and Italy (Guidoboni
and Comastri, 2005). Figure 6 shows some signiﬁcant prop-
agation snapshots for the three scenarios. Even though the
African coasts are not included in the computational do-
main, it is clear that all the coasts of the mid-south Mediter-
ranean basin are signiﬁcantly exposed to this event. Prop-
agation times are very similar for all the scenarios (the 365
F1 is slightly slower because it is the farthest one) but the
leading wave height is appreciably stronger for the 365 F2
and the 365 F3 scenarios, since the northern fault segment
is much more effective than the southern one in directing
tsunami energy towards eastern Sicily. For all three sce-
narios, the wave front that moves towards Italy is weaker
than the one that moves SW, but still signiﬁcant for 365 F2
and for 365 F3 since waves are almost 0.5m amplitude off-
shore. The ﬁelds of the maximum sea surface elevation plot-
ted in Fig. 7 (left column) conﬁrm that most tsunami energy
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Fig. 7. Maximum water elevation for the three 365 F1, 365 F2
and 365 F3 scenarios (left column) and their corresponding detailed
maximum inundation in Catania (right column).
is distributed close to the source and along the paths that
move perpendicular to the fault segments. The largest run-up
heights in the target area (Fig. 7, zoomed ﬁgures in the right
column) reach 3m in the inner part of the harbour and some
ﬂat and low areas of La Plaia, south of the harbour, are inun-
dated up to a distance of about 200m from the shore. On the
other hand, the coast north of the harbour is high and tsunami
waves cannot signiﬁcantly penetrate inland. The long break-
water in front of the harbour reﬂects waves coming from the
east with front almost aligned with the coast, decreasing the
destructive potential of the attack, but part of the energy is
able to penetrate through the southern entrance, submerging
some areas inside the harbour, especially in the outer basin.
5.2 The 1693 event
The tsunami of the 1693 E case reaches the areas closest to
the source in only 3min and it takes between 6 and 9min
to attack the central part of the Ionian Sicily coast and the
southern coast of Calabria (Fig. 8, upper panels). The lead-
ing front is soon negative with the trough having a length
(measured perpendicularly to the front line) decreasing from
20km to about 2km on approaching the coast of Catania, a
case of wavelength shortening that is quite known and that
is due to the monotonous dependence of tsunami phase ve-
locity upon sea depth. The tsunami energy pattern is shown
in Fig. 9, from which it is clear that the highest run-ups are
attained in the coastal zone in front of the source. Offshore,
Fig. 8. Tsunami propagation snapshots for 1693 E (upper panels)
and 1693 L (bottom panels) scenarios.
Fig. 9. Maximum water elevation for 1693 E and 1693 L scenarios
(leftcolumn)andtheircorrespondingdetailedmaximuminundation
in Catania (right column).
the energy splits in two main beams with opposite bending
as the result of bathymetry-induced refraction: the northern
one heading NNE towards Calabria coasts and the other go-
ing east. The tsunami produced by this source is weak and
causes a very limited inundation at La Plaia beach (1–2m
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Fig. 10. Tsunami propagation snapshots for 1908 E (upper panels)
and 1908 EL (bottom panels) scenarios.
of run-up heights), while the maximum elevations of the sea
surface are observed within the inner harbour, where heights
over 2m can be found (Fig. 9). This means that the tsunami
waves tend to be ampliﬁed within this basin.
The 1693 L case produces an alternative scenario for this
tsunami event, where the source is a submarine landslide.
The tsunami propagates with a radial pattern from the source
with almost circular fronts (Fig. 8, lower panels), which is
quite typical of sources of limited areal extension. Unlike the
earthquake-induced tsunami, the propagation shows a pre-
dominance of short waves. The tsunami attacks the bay of
Catania with a train of waves arriving parallel to the coast,
interacting with the harbour, and forming a quite compli-
cated interference pattern. Maximum sea surface elevations
are low in the region and are low even in Catania (Fig. 9),
where tsunami has some effects only inside the inner part
of the harbour, with the largest elevations ranging from 1 to
about 2m.
It is worth remarking that both source hypotheses 1693 E
and 1693 L give rise to a tsunami that is too weak to repro-
duce the tsunami observations in the city of Catania (Baratta,
1901; Tinti and Maramai, 1996). This is mainly due to the
fact that today’s harbour conﬁguration is much different from
the late seventeenth-century structure, which coincided more
or less with the small inner western basin. The harbour now
is much larger and the long NS breakwater is effective in re-
ducing the impact of the attacking tsunamis.
5.3 The 1908 event
The tsunami generated by the earthquake source model
1908 E results to be rather weak and inconsistent with the
quite numerous observations conﬁrming a large inundation
and strong damages caused in Catania (Tinti and Giuliani,
Fig. 11. Maximum water elevation for 1908 E and 1908 EL scenar-
ios (left column) and their corresponding detailed maximum inun-
dation in Catania (right column).
1983; Gerardi et al., 2008). The strong initial depression in
the Messina Straits propagates as a negative leading wave to-
wards south and after 9min from the shock the front reaches
the area offshore Catania (Fig. 10, upper panels). The maxi-
mum sea surface elevations are concentrated in the Messina
Straits but some relevant local effects can also be found in the
bay of Catania, especially in the south (see Fig. 11). Inside
the harbour it is possible to note heights over 2m. The most
inundated area is the west side of the outer harbour where the
tsunami penetrates for some tens of meters inland (Fig. 11).
Very different results are obtained for the 1908 EL case,
where the contribution of an equivalent landslide has been
added to the earthquake source model 1908 E. The additional
source is a static depression effective in producing a negative
ﬁrst front as suggested by the observations (Tinti and Giu-
liani, 1983). This additional source is not a landslide, strictly
speaking, but instead a static depression of the sea surface.
This choice is justiﬁed by the fact that sea ﬂoor mapping was
not sufﬁcient so far to identify a reasonable landslide body,
and therefore assuming a speciﬁc landslide as a source could
have been taken as quite arbitrary, or at least, as arbitrary as
assuming the static depression. For this reason, to develop
this scenario, there was no need to use codes speciﬁc to land-
slide dynamics computations (such as the one used for the
scenario 1693 L), and only a tsunami modelling code was
utilised. A very strong leading negative front hits most of
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Fig. 12. Maximum inundation lines obtained for each one of the seven scenarios analysed: the blue ones are the inundation lines correspond-
ing to the standard cases, while the inundation obtained by the augmented scenarios are delimited in red.
the coasts of eastern Sicily and south-western Calabria in a
few minutes and after 9min it faces the bay of Catania with
higher elevation than the 1908 E case (Fig. 10, bottom pan-
els). The maximum sea surface elevation ﬁeld displayed in
Fig. 11 does not show a well deﬁned pattern of energy prop-
agation. It seems however that in the Straits and near the
coasts the sea level increases remarkably with respect to off-
shore. The tsunami determines a strong inundation all along
thecoastsfromtheCataniaharbourtotheendofLaPlaia, the
latter experiencing the most pronounced ﬂooding. The wa-
ter penetrates about 1 km inland, with maximum elevation
values between 4 and 5m above the main sea level (Fig. 11).
6 Uncertainties and sensitivity analysis
The WCTSA approach relies on the deﬁnition of scenarios
that should be credible, which means that sources (earth-
quake and landslides) should be compatible with the present-
day seismo-tectonic and geomorphologic knowledge of the
region, and that source sizes should be consistent with his-
torical data, i.e. they should not be smaller than known past
sources. Uncertainties are however unavoidable, since they
often stem from poor scientiﬁc knowledge of the region,
which implies a certain degree of arbitrariness in the process
of scenario selection by researchers who make use of their
subjective expertise. In the present study, large uncertainties
are found in the knowledge of the sources of the 1693 and
1908 tsunamis with discussion still well alive among scien-
tists and no conclusive point yet made. This kind of uncer-
tainty has been addressed by making recourse to a double
scenario for each event including earthquake (1693 E and
1908 E) and landslide (1693 L) or landslide-type (1908 EL)
sources.
A further gender of uncertainty is related to the size of
the source. In case of an earthquake source, for example,
the worst case scenario requires one to assess the maximum
magnitude to associate with a given fault. After assuming
that this magnitude cannot be smaller than the largest mag-
nitude recorded in the seismic catalogue for that fault, the
assessment remains a quite difﬁcult task and uncertainties of
about 0.2–0.3 or even larger are to be expected. The largest
magnitude we have taken for the earthquake of the 365 AD
scenario is Mw =8.5, but quite well it could be even 8.3 or
8.7. The same argument can be used for the other earthquake
sources (1693 E and 1908 E) and for the size of the landslide
sources (1693 L and 1908 EL). Treating uncertainties means
to adopt an operational strategy to obtain results even in the
presence of uncertain premises. The strategy adopted in this
study is to take the scenarios elaborated with the sources il-
lustratedsofarasreferenceorstandard worst-casescenarios,
and to complement them with a sensitivity analysis consist-
ing of computing as many scenarios obtained by increment-
ing the source size by a given amount, in the present case
by 20%. More speciﬁcally, when the tsunami source is an
earthquake, then the initial tsunami sea surface displacement
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Fig. 13. Maximum water elevation for both the aggregate standard (left) and augmented (right) scenario.
Fig. 14. Maximum inundation lines obtained for the aggregate stan-
dard scenario (blue line) and for the aggregate augmented scenario
(red line).
is increased by 20%, which corresponds theoretically to an
increment of an equal amount of the co-seismic slip in the
fault plane. When the tsunami source is a landslide, then the
quantities incremented by 20% are the tsunami impulses im-
partedbythemovingsubmarinelandslidetothewater, which
roughly corresponds to an increment of the slide thickness by
the same amount. These new scenarios are called augmented
scenarios and expectedly produce larger tsunamis and larger
inundations.
The motivation of the sensitivity analysis strategy chosen
here is that, differently to the PTHA approach that plays with
all source parameters of a reference scenario, the objective
of the WCTSA is to use the minimum number of simulations
needed to show how the inundation at the coast is sensitive
to the characteristics of the tsunami, the main focus there-
fore being on the target area and not on the source. The
main question is: how will the inundation change in case
of a slightly larger tsunami? The best and simplest way to
get such a tsunami in the target area is to slightly increase
the on-fault slip value and therefore the magnitude of the
tsunamigenic earthquake or the thickness of the tsunami-
genic slide. What interests most is that by slightly chang-
ing (about 20%) the height of the incoming tsunami, one
might observe coastal zones where this change has practi-
cally no effects and other zones where the extent of ﬂood-
ing changes signiﬁcantly. If results obtained from standard
and augmented scenarios are quite similar, one can infer that
there is some insensitivity to the source size. On the contrary,
if they are quite different, hypotheses on the source magni-
tude are proven to be crucial, and efforts should be made to
ﬁnd more stringent constraints.
7 Hazard maps
Single scenarios associated with a given source can be de-
scribed and illustrated by means of hazard maps providing
ﬁelds of relevant hydrodynamic variables such as the maxi-
mum and minimum sea water elevations, maximum currents
and maximum ﬂow depths, etc.; and the problem to deﬁne a
standardmatrixofvariablestoplot, thatistodeﬁnecanonical
types of hazard maps, has become an important issue for in-
ternational bodies involved in the implementation of tsunami
early warning systems and of strategies to mitigate tsunami
risk (e.g. the Intergovernmental Coordination Groups –
ICG – of the IOC active in the Paciﬁc, Indian Ocean, the
Mediterranean and the Caribbean seas) and has been ad-
dressed by international tsunami projects like TRANSFER.
Nat. Hazards Earth Syst. Sci., 11, 1217–1232, 2011 www.nat-hazards-earth-syst-sci.net/11/1217/2011/R. Tonini et al.: Tsunami hazard for Catania, Italy, assessed by means of WCTSA 1229
Fig. 15. Contribution of each scenario to the worst aggregate scenario for the standard cases (left) and for the augmented ones (right).
Among the possible hazard maps the most interesting are
maps portraying the maximum elevation heights above the
sea level that are illustrated in Fig. 12, since they convey the
clearest information about the extension of the tsunami inun-
dation. Important elements in these maps are the maximum
inundation lines. For each scenario the maximum inunda-
tion line is deﬁned as the curve that embraces all the areas on
land that result to be ﬂooded temporarily or permanently by
the tsunami. In this set of maps, one can see the maximum
inundation lines of the standard scenarios (blue) plotted to-
gether with the corresponding lines of the augmented scenar-
ios (red). Comparison of results of standard vs. augmented
scenarios is a relevant issue and deserves further comments.
All the numerical simulations with the code UBO-TSUFD
have been performed by solving linear equations in the do-
main covered by grids 1 and 2 and non-linear equations in
grids 3 and 4, the last one embracing the target area of Cata-
nia. This leads to the trivial consequence that by increment-
ing the source magnitude by a certain amount does not cor-
respond to an increasing of the resulting ﬁelds (sea eleva-
tion and velocity) by the same amount. Non-linear terms
of the equations affect the inundation results quite unequally
as is illustrated in Fig. 12, where inundation areas of stan-
dard and augmented scenarios are compared by means of
the maximum inundation lines. Differences between stan-
dard and augmented sources are small for scenarios 365 F1,
365 F2 and 365 F3 and almost unrecognizable for scenario
1693 L and 1908 E. These two last scenarios are quite weak
and increasing the tsunami source does not affect the ﬁnal
inundation that remains modest. Instead, important differ-
ences can be found for scenarios 1693 E and 1908 EL that
give the largest inundations at La Plaia beach even for the
standard sources: the inundated areas of their corresponding
augmented scenarios are signiﬁcantly larger than the stan-
dard ones in some speciﬁc areas. This is caused by the mor-
phology of the coast, which is very low in La Plaia with some
mild undulations or dunes, so that once the tsunami surpasses
a certain threshold, the sea ﬂow inundates all the area behind
the dunes.
8 Aggregated scenarios
The last step of the WCTSA method is to obtain a unique pic-
ture from the scenarios corresponding to the selected tsunami
sources. To this purpose, all scenarios are combined together
into an aggregate scenario that provides the worst of worst-
case scenarios for any place of the target area, namely, in
view of the numerical discretisation, in each node of the sub-
grid 4 within the red rectangle displayed in Fig. 5. Select-
ing the worst (largest) of worst-case values corresponds per-
fectly well to the spirit of the WCTSA approach. It is worth
observing that the resulting ﬁelds are virtual ﬁelds that can-
not be associated with any speciﬁc scenario, but that provide
the highest level of hazard that is expected in each part of
the map. The maps have been computed for the aggregate
standard scenario and for the aggregate augmented scenar-
ios. From Fig. 13 it is seen that a large part of the La Plaia
beach is deeply ﬂooded and also that the area around the har-
bour is ﬂooded, especially in correspondence with the outer
basin. In the northern part, the only remarkable effects can
be found in the small harbour of Ognina, where waves about
3–4m high attack the bay. In Fig. 14 the maximum inunda-
tion line is plotted for both standard and augmented aggre-
gate scenarios. The ﬂooded areas are limited by blue and red
lines for the standard and augmented sources respectively,
and the differences between them in terms of maximum in-
undation extension are clearly visible. At La Plaia beach the
extent of the inundation for both standard (maximum about
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1400m) and augmented (maximum over 1600m) aggregated
scenarios exceeds hundreds of metres in many places and
reaches about 300m at the entry of the harbour. In Fig. 15
the contribution given by each single scenario to the aggre-
gated map is shown. It is evident that the scenario contribut-
ing most is the 1908 EL, but also scenarios 365 F2, 365 F3,
and 1693 E, though of minor relevance in extension, give im-
portant results as could already be inferred by observing the
inundation maps of each scenario (Fig. 13). The important
new information here is how the contribution is distributed
geographically: the 1908 EL scenario is the one which trig-
gers the highest waves and its contribution is higher on the
ﬂat beach of La Plaia, whereas the 365 F2 and 365 F3 sce-
narios are the main contributor inside the harbour, because
in these cases tsunami wavelength probably triggers station-
ary oscillations that are characteristic of the harbour basin. A
further important contribution is given by 1693 E in a small
area immediately to the south of the harbour entrance.
9 Conclusions
A WCTSA aiming at the evaluation of tsunami hazard for
the city of Catania, eastern Sicily, Italy, has been performed.
Seven sources have been selected as strongly potentially
tsunamigenicinordertosimulatetheworst-casetsunamisce-
narios that could affect Catania, and a sensitivity study on
these tsunami sources has also been undertaken. All the re-
sults have been obtained by means of numerical modelling.
The tsunami hazard analysis has been completed by the use
of aggregate maps that provided the worst of the worst-case
scenarios expected in each point of the target area. From the
simulations it results that the areas most exposed to poten-
tial ﬂooding are the beach called La Plaia, the southernmost
part of the harbour and the small jetties inside the harbour.
From the aggregate maps it has been possible to distinguish
the contribution of each single scenario to the global haz-
ard. The two chief contributing scenarios turn out to be the
365 F2, 365 F3 cases and the 1908 EL case. The latter is
a hypothetical case based on the combination of the actual
seismological and tectonic studies of the 1908 event and an
empiricalsourcearguedonthebasisoftsunamiobservations.
Theformerare basedonthepartialor complete ruptureofthe
western HA, including the portion that possibly triggered the
365 AD tsunami: these are remote sources that produce the
highestseaelevationvaluesintheharbourareaandinthepart
of La Plaia beach that is closest to the harbour. This is rel-
evant, since it shows that remote sources have an important
role in tsunami hazard assessment for the site of Catania, and
also has a signiﬁcant implication for tsunami early warning
system implementation. Sensitivity analysis has shown that
the same scenarios that happen to be the most important for
tsunami hazard are also the ones more sensible to the size of
the tsunami sources. This poses the question of undertaking
research in the near future to improve our knowledge of the
tsunami sources and, since it emerges that local and remote
sources are relevant for the town of Catania, it results that
studies aiming at a better characterisation of the tsunami-
genic sources in the Calabrian Arc and in the Hyblean-Malta
escarpment, including the stability of the Ionian margin, and
of the seismic potential of the western HA will be of great
advantage to the town.
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